Juvenile idiopathic arthritis (JIA) is the most common chronic inflammatory arthropathy of childhood. Juvenile idiopathic arthritis is believed to be a complex genetic trait influenced by both genetic and environmental factors. Twin and family studies suggest a substantial role for genetic factors in the predisposition to JIA. Describing the genetics is complicated by the heterogeneity of JIA; the International League of Associations for Rheumatology (ILAR) has defined seven categories of JIA based on distinct clinical and laboratory features. Utilizing a variety of techniques including candidate gene studies, the use of genotyping arrays such as Immunochip, and genome wide association studies (GWAS), both human leukocyte antigen (HLA) and non-HLA susceptibility loci associated with JIA have been described. Several of these polymorphisms (e.g. HLA class II, PTPN22, STAT4) are shared with other common autoimmune conditions; other novel polymorphisms that have been identified may be unique to JIA.
Introduction
Juvenile Idiopathic Arthritis (JIA), also previously termed Juvenile Rheumatoid Arthritis (JRA) or Juvenile Chronic Arthritis (JCA), is the most common chronic arthropathy of childhood and affects hundreds of thousands of children in the United States and around the world [1] . It is a serious disorder of childhood with potentially devastating consequences for the individual and society. JIA has the potential to disrupt growth, and adversely affect the joints resulting in permanent joint damage and long-term functional limitation and disability. Most children with JIA continue to have active disease years after onset, and in the majority of cases, the disease persists into adulthood, dispelling the notion that children can "outgrow" JIA [2, 3] . Furthermore, JIA is associated with a substantial economic burden [4] .
Overview of JIA genetics
JIA is believed to be a complex genetic trait influenced by both genetic and environmental factors [5] . There is substantial evidence for genetic contribution to JIA. Twin and affected sibling pair studies have supported a role for genetic susceptibility to JIA. Twin studies have shown that the monozygotic twin concordance rates for JIA range between 25 and 40%, a risk that is substantially greater than the population prevalence of 1 in 1000 [6] [7] [8] . In the largest twin study from the JIA affected sibling pair registry, 14 pairs of twins concordant for JIA were analyzed [9] . Of the 14 pairs of twins, one was discordant for gender and the rest were same-sex twins. All 13 pairs were concordant for onset and course. Twelve were concordant for presence/absence of anti-nuclear antibodies. The first twins to develop JIA did so a mean of 5.5 months before the second twins. In contrast, among the 104 non-twin affected sibling pairs in the registry, the difference in age at onset between the first and second sibling was 37 months, which was statistically different compared to twins. DNA was available on 11 twin pairs and all 11 were found to be monozygotic, in contrast to one third that were expected to be monozygotic based on the occurrence of twinning in the USA. Together, these twin studies provide strong evidence for genetic factors contributing to the susceptibility to JIA.
Affected sibling pair studies have also been carried out in JIA. Examination of the phenotypes of siblings affected with JIA has shown that sibling pairs were significantly concordant for sex, onset type and course type of JIA [10] . This was confirmed in a larger analysis of 164 sibling pairs [11] . Siblings were more likely to develop disease at the onset age, rather than calendar year. With the exception of number of joints at onset among children with polyarticular JIA, other clinical features did not differ between sporadic and multiple JIA cases.
Family studies can also provide evidence for genetic contribution to JIA. Although traditional multiplex families with numerous affected cases of JIA have been only rarely described, innovative approaches using a probabilistic record-linking of records in a JIA registry to the Utah Population Database have resulted in the identification of extended multiplex pedigrees with multiple affected individuals with JIA [12, 13] . This approach identified 22 founders who had a significantly increased number of descendants with JIA (5-13 descendants) compared to what would be expected based on the prevalence of JIA. This study demonstrated that siblings of probands with JIA have an 11.6-fold increase in the risk of JIA (range 4.9-27.5, p < 2.6 × 10 −8 ) compared to the general population [13] . Similarly, first cousins have a 5.8-fold increase in the prevalence of JIA (range 2.5-13.8, p < 6.07 × 10 −5 ) compared to the general population. These observations also support a role for genetic factors in the predisposition to JIA.
In addition to clustering of JIA in some families, there is also evidence for familial autoimmunity in JIA. A case-control study of 110 families of probands with JIA and 45 healthy control families demonstrated that the prevalence of autoimmunity was three fold higher among relatives of JIA probands [14] . Of the 110 families of JIA probands, 81 families had at least one relative with a history of an autoimmune disorder, compared with only 15 of 45 families of control probands (OR 5.6 [2.5-12.7] , p < 4 × 10 −6 ). The prevalence of autoimmunity was higher among first degree relatives compared to second degree relatives. Thyroid autoimmunity was the most prevalent. In all, 52.3% of the relatives of the JIA probands were women, compared with 50.6% of the relatives of the controls. However, when those with autoimmune disorders were compared, 80.6% of the relatives of JIA patients and 80.0% of the relatives of controls were women. This is consistent with the female preponderance of autoimmunity. A follow up study demonstrated that the prevalence of autoimmunity was significantly higher among maternal aunts and maternal grandmothers compared to paternal aunts and paternal grandmothers, suggesting a maternal parent of origin effect in JIA [15] . These findings support the hypothesis that clinically distinct autoimmune phenotypes share common genetic susceptibility factors. The successful identification of variants that predispose to multiple autoimmune disorders, such as STAT4 and PTPN22, strongly supports this hypothesis. This was the basis for the success of the ImmunoChip consortium in the identification of shared susceptibility variants across many autoimmune phenotypes.
JIA categories
Genetic studies for JIA are complicated by the heterogeneity of the condition. There are seven categories of JIA as defined by International League of Associations for Rheumatology (ILAR) classification criteria [16] . By definition, all patients with JIA have a chronic arthropathy with symptoms beginning at <16 years of age, however each category of JIA varies in its clinical symptoms and associated laboratory studies [16] . Systemic-onset JIA is characterized by fever and rash in addition to arthritis; polyarticular JIA is characterized by arthritis in five or more joints in the first six months of disease, and can be rheumatoid factor (RF)-negative or RF-positive. Polyarticular RF-positive JIA is phenotypically similar to rheumatoid arthritis (RA) in adults. Oligoarticular JIA is characterized by arthritis involving one to four joints in the first six months of disease. In many genetic studies, subjects with polyarticular RF-negative JIA and oligoarticular JIA are grouped together since these categories of JIA are phenotypically similar with the exception of the number of joints involved, thus suggesting that they may have a similar genetic basis. Additionally, the ILAR classification of JIA includes enthesitis-related arthritis (ERA), psoriatic arthritis, and unclassified arthritis. While the various JIA categories are characterized by different clinical features, natural histories, and immunogenetic associations, they all share in common chronic inflammation of the synovium.
Over the past two decades there have been numerous studies which have identified potential susceptibility loci for JIA. In some cases these studies have included subjects with all JIA categories, and in others they have included subjects limited to particular JIA categories. Oligoarticular and polyarticular RF-negative categories of JIA have been the most often investigated for genetic associations. Identified polymorphisms also vary by ethnic groups. A variety of techniques have been employed to identify potential variants including candidate gene studies of single nucleotide polymorphisms (SNP) and genome wide association studies (GWAS) including the use of high density genotyping arrays such as Immunochip. In this review we will describe the known HLA and non-HLA susceptibility loci for specific subtypes of JIA including oligoarticular JIA/polyarticular RF-negative JIA, polyarticular RF-positive JIA, systemic JIA, ERA and psoriatic JIA.
Genetics of oligoarticular JIA/polyarticular RF-negative JIA
Oligoarticular JIA is the most common category of JIA, affecting up to 40% of all patients with JIA. Patients with oligoarticular JIA have 4 or fewer joints affected during the first six months of the disease. After 6 months following onset, if the arthritis is confined to 4 or fewer joints, the disease is referred to as "persistent" oligoarticular JIA, whereas when more than 4 joints are involved, it is referred to as "extended" oligoarticular JIA [16] . Oligoarticular JIA has its peak incidence between 2 and 4 years of age and it has a female/ male ratio of 3:1. One of its distinctions from other forms of arthritis is that it is associated with asymptomatic chronic anterior uveitis, a form of inflammatory eye disease which is more common in patients who are anti-nuclear antibody (ANA) positive. Like oligoarticular JIA, polyarticular RF-negative JIA also tends to predominantly affect girls, and has an early age of onset. Children with polyarticular RF-negative JIA are frequently ANA positive and they have an increased risk of chronic anterior uveitis. Thus, these two categories of JIA, which account for ~70% of all JIA cases, are phenotypically similar with the exception in the number of joints involved, and the symmetric involvement typically noted in polyarticular RF-negative JIA.
HLA associations with oligoarticular JIA/polyarticular RF-negative JIA
The major histocompatibility complex (MHC) on chromosome 6 has more than 200 genes most of which are essential to the immune system. The genes encoding human leukocyte antigen (HLA) are also located in the MHC region. HLA genes are extremely polymorphic and have been shown to be associated with multiple autoimmune diseases including RA, celiac disease, type 1 diabetes mellitus (type 1 DM) and many others. Numerous associations between HLA alleles and JIA categories have been reported in multiple populations. Class I allele HLA:A2 is associated with oligoarticular and polyarticular RF negative JIA [17] . Susceptibility to oligoarticular JIA is also associated with HLA DRB1:01, DRB1:08, DRB1:11, DRB1:13, DPB1:02 and DQB1:04 [18] . Interestingly, HLA DRB1*04 and DRB1*07 are seen less frequently in children with oligoarticular JIA than controls, suggesting that they are protective against oligoarticular JIA [19] . Polyarticular RF negative JIA is associated with DRB1:08 and DPB1:03 [20] .
A large study of 820 children with JIA and 273 healthy controls, reported by Hollenbach et al., in 2010 utilized high resolution HLA typing for class I and class II loci [21] . An HLA DRB1 effect which was similar between children with oligoarticular JIA and a subset of younger patients with polyarticular JIA was reported by the authors. HLA DRB1:11:03/11:04 conferred susceptibility to both oligoarticular JIA and younger polyarticular JIA patients, but not older patients with polyarticular RF-negative JIA. However, HLA DRB1:08:01 conferred increased risk of JIA in younger and older patients with both oligoarticular and polyarticular RF-negative JIA. HLA DRB1:15:01 conferred a very strong protective effect to both oligoarticular and polyarticular RF-negative JIA subjects.
This study also confirmed the age-specific effects of susceptibility conferred by HLA alleles previously reported by Murray et al who also reported that presence of multiple risk alleles resulted in an earlier onset of JIA ( Fig. 1 ) [22] . Younger age at the onset of polyarticular JIA is mediated by DRB1:08:01 and DRB1:11:03/11:04. Younger age at the onset of polyarticular RF-negative JIA and both persistent and extended oligoarticular JIA was found to be mediated by DPB1:02:01 in the absence of the predisposing alleles DRB1:08:01 and 11:03/11:04. Some HLA alleles were associated with a reduced risk of JIA. Whereas HLA DRB1:15:01 was shown to reduce risk across the whole JIA cohort, HLA DRB1:04:01 and DRB1:0701 were protective against persistent oligoarticular JIA only. In addition to the HLA DRB1 associations, a modest association was observed between HLA DPB1:02:01 and JIA. Surprisingly, the disease predisposition mediated by DPB1:02:01 in individuals without any risk associated DRB1 alleles was large enough to overcome even the very strong protective effect observed for DRB1:15:01. Associations noted with HLA DQB1 variants were believed to be due to linkage disequilibrium. A summary of the HLA alleles and their effect on JIA risk are shown in Fig. 2 .
In addition to these candidate gene studies over several decades, evidence of the crucial role played by genetic variants in the HLA region is provided by the recent GWAS studies of JIA. HLA variants demonstrated the strongest associations in the GWAS studies by Hinks et al and Thompson et al in 2010 . [23, 24] , This was also confirmed in the ImmunoChip study in which the SNP rs7775055 located in the class II HLA region (DQ) was associated with oligoarticular and polyarticular RF-negative JIA with an odds ratio of 6.01 (95% CI 5.30-6.81; p < 3.1 × 10 −174 ) [25] . Together, these studies confirm the critical role played by HLA variants in predis posing to risk of JIA.
Non-HLA associations with oligoarticular JIA/polyarticular RF-negative JIA
While numerous case control association studies between non-HLA variants and JIA have been published, most suffered from relatively modest sample sizes and heterogeneity of subjects included in the studies with most studies including several categories of JIA. Some associations were well established (PTPN22, STAT4, TNFAIP3) however many others had not been replicated. The best characterized loci demonstrating associations with oligoarticular and polyarticular RF-negative JIA were identified as a result of the international JIA Immunochip consortium which uncovered for the first time many loci at genome wide levels of significance, and others at suggestive levels of significance.
The Immunochip Consortium was established with a goal to investigate shared loci identified in GWAS across multiple autoimmune disorders [26] . The Immunochip contains about 200,000 SNPs, including dense coverage of the MHC region, and ~180 loci that have shown genome wide evidence of association with one or more of 12 autoimmune diseases [26] . The Immunochip consortium has been successful at identifying loci associated with many autoimmune disorders including celiac disease [27] , inflammatory bowel disease [28] , RA [29] , and AS [30] .
The International JIA Immunochip consortium published the results of the analysis in 2816 cases with oligoarticular and polyarticular RF-negative JIA and 13,056 controls ( Fig. 3 ) [25] . In addition to confirming the 3 loci that have previously been associated at genomewide level of significance (HLA, PTPN22 and PTPN2), 14 loci, several of which had been previously associated with JIA reached genome-wide level of significance for the first time [ Table 1 ]. An additional 11 loci reached suggestive levels of significance. Of the 25 loci described in the Immunochip study 6 were replicated utilizing cases and controls from the Childhood Arthritis Risk Factor Identification Study (CLARITY); the replicated loci include C5orf56-IRF1 (rs4705862), ERAP2-LNPEP (rs27290), PRR5L (rs4755450), RUNX1 (rs9979383), RUNX3 (rs4648881), and UBE2L3 (rs2266959) [31] . Many of the loci are shared with RA, T1DM and celiac disease. The Immunochip study by Hinks et al also highlighted crucial pathways including IL-2 pathway in JIA pathogenesis.
Prior to the report of the ImmunoChip associations, the strongest non-HLA genetic association identified by means of candidate gene case control studies with JIA was protein tyrosine phosphatase nonreceptor 22 (PTPN22), a gene located on chromosome 1p13.3-13.1 which encodes lymphoid protein tyrosine kinase, an enzyme which negatively regulates T cells. It is thought that functional mutations in the PTPN22 gene lead to T cell activation and the subsequent promotion of autoimmune disease. Mutations in PTPN22 have been associated with multiple autoimmune conditions including rheumatoid arthritis, systemic lupus erythematosus (SLE), autoimmune thyroid disease and T1DM [32] . Thus, PTPN22 variants appear to be generally predisposing to risk of autoimmunity. Interestingly, there are some studies that suggest that those variants that increases the risk of autoimmunity might confer protection against tuberculosis [33, 34] .
Several studies have confirmed associations between PTPN22 variants and JIA [35, 36] . An association between a missense SNP (rs2476601, 1858C→T) in PTPN22 and JIA was first reported by Hinks et al in 2005 [37] . In this study the PTPN22-1858T allele had a frequency of 15% in JIA cases versus 10.3% in controls (p = 0.0005). In a brief communication Viken et al., also reported an increased odds of the same SNP of PTPN22 in patients with JIA compared to controls (OR = 1.58, p = 0.001) [38] . These findings have been replicated in a JIA GWAS study and in candidate gene studies limited to distinct ethnic groups [39, 40] . A recent meta-analysis of PTPN22 associations in JIA confirmed the strong association between this variant and JIA (OR 1.44, p < 0.0001) [35] . Subtype meta-analyses of the PTPN22 variant revealed associations between oligoarticular and polyarticular RF-negative JIA that remained significant after multiple hypothesis correction (p 0.0007, and p < 0.0005, respectively). Thus the association between PTPN22 and oligoarticular and polyarticular RF-negative JIA has been validated in multiple studies.
Aside from HLA and PTPN22, the other genetic association to reach genome wide significance in early GWAS studies was PTPN2, which like PTPN22 encodes a protein tyrosine phosphatase involved in T cell regulation. A novel association between polymorphisms in PTPN2 and oligoarticular JIA and polyarticular RF-negative JIA was described in 2010, by Thompson et al. [24] . This association was confirmed in replication cohorts. Other novel polymorphisms identified in this study were mutations in the conserved oligomeric golgi 6 (COG6) gene and polymorphisms in the angiopoetin-1 (ANGPT1) gene. Both COG6 and ANGTP1 polymorphisms have been associated with other autoimmune conditions including autoimmune thyroiditis [41, 42] .
The gene encoding the signal transducer and activator of transcription factor 4 (STAT 4) is also strongly associated with JIA and other autoimmune conditions including RA, SLE, type I DM, Sjogren's syndrome and inflammatory bowel disease [43] . STAT4 is thought to play an important role in T cell differentiation. A case control study by Prahalad et al., demonstrated an association of the G→T substitution in intron 3 of STAT4 (rs7574865) with JIA [44] . This finding has been replicated in several other studies [23, 39, 44, 45] . Variation in the C12orf30 region on chromosome 12 has been associated with JIA and several other autoimmune conditions, including Type I DM [24, 44, 45] .
Multiple studies have demonstrated associations between polymorphisms in the TNFA gene and JIA [46] [47] [48] [49] [50] . TNFA encodes the pro-inflammatory cytokine tumor necrosis factor-alpha; it is located on chromosome 6 in the MHC region. While mixed results have been reported for various TNF polymorphisms, the TNFA G-308A allele (rs1800629) has been found to be associated with JIA in several studies, including a meta-analysis [35] . In addition to investigations of susceptibility, there has also been an investigation of response to therapy associated with polymorphisms in TNFA. Schmeling et al found that patients with polyarticular RF negative JIA with the genotype TNFA-308GG responded better to therapy with the anti-TNF agent etanercept than patients with the -308GA or AA genotype [51] .
IL2RA which encodes the interleukin receptor alpha (also known as CD25) is another gene with strong associations with RA and other autoimmune conditions as well as JIA. SNP rs2104286 was significantly associated with JIA in a 2009 study [52] . This is an intriguing gene for JIA pathogenesis because of the role of interleukin 2 in promoting inflammation in autoimmune disease via binding to the IL2 receptor. The TRAF1-C5 locus on chromosome 9, which is a well described risk factor for RA, has also been associated with JIA in case control and GWAS studies [53] . TRAF1 encodes tumor necrosis factor receptor-associated factor 1, a regulator in the TNF pathway.
A GWAS study used the Affymetrix GeneChip 100K array identified several SNPs in the VTCN gene to be associated with JIA [54] . It should be noted that 97% of the 279 subjects in the discovery cohort and 80% of the 321 subjects in the validation cohort had oligoarticular or polyarticular RF-negative JIA (the rest had polyarticular RF-positive JIA). This was followed by fine mapping of 10 VTCN1 variants in a third cohort of 654 children with JIA (of whom only 64% had oligoarticular and polyarticular RF-negative JIA). VTCN1 encodes a costimulatory molecule, B7-H1, expressed on activated T and B cells, monocytes and dendritic cells and it may play a role in T cell inhibition and attenuation of the inflammatory response. Notably, VTCN1 variants were not associated at genome wide significance in the Immunochip study of JIA. VTCN1 rs10923223 polymorphism has also been associated with disease course in JIA [53] . In support of a critical role for this gene in inflammatory arthritis, variants in VTCN1 were found to be associated with RA in a Dutch cohort [55] .
Macrophage migration inhibitory factor (MIF) is a protein which is a cofactor in T-cell activation and promotes pro-inflammatory activity include the secretion of pro-inflammatory cytokines. Polymorphisms in the MIF gene have been associated with various forms of JIA including oligoarticular JIA and polyarticular RF negative JIA [36, 56, 57] . The MIF-173*C allele has been reported to be associated with susceptibility to JIA in multiple ethnic groups [36] . One study found that children with oligoarticular JIA who carry the MIF-173*C allele are more likely to relapse within three months of intra-articular glucocorticoid injections, however there was no difference in long-term outcomes based on MIF polymorphisms [58] .
In a 2014 study Reinards et al performed a genetic association study which identified a polymorphism in the CD226 (DNAM1) gene in association with JIA [59] . DNAX accessory molecule-1 is a type 1 membrane protein belonging to the Ig-supergene family. It is expressed on T and NK cells and is involved in co-stimulation of these cells. This association was not seen on a follow-up Immunochip study but the association was confirmed in a meta-analysis [59] . Other polymorphisms associated with JIA are located in the IL2-IL21 region, the AFF3 gene and ANKRD55 [45, 59, 60] .
Genes which may be protective against JIA have also been identified. CCR5 is a chemokine which recruits T helper cells to the synovium, promoting synovitis and joint inflammation. Synovial T-cells from subjects with JIA/RA express high levels of the chemokine receptor CCR5. A 32-bp deletion in the gene encoding CCR5 has been implicated in protection against RA. A meta-analysis of published association studies confirmed a protective role for CCR5-Δ32 in RA [61] . Subsequent investigation in a JIA cohort has shown that two functional CCR5 variants protect against early-onset JIA [62] . This was confirmed in an independent cohort from the UK, and accompanying meta-analysis by Hinks et al. [63] Variations in the TNFAIP3 gene are associated with both protection from or increased risk of RA and JIA [44] . The T allele at TNFAIP3 SNP rs10499194 demonstrates protective effect (OR 0.74, p < 0.004) while the minor allele (A) at TNFAIP3 SNP rs6920220 conferred an increased risk of JIA in the cohort studied (OR 1.30, p < 0.02).
Summary of genetic associations with oligoarticular JIA/polyarticular RF-negative JIA
The cumulative data from genetic studies of oligoarticular and polyarticular JIA allow us to draw several conclusions. While some discovered genetic associations are very strong (e.g., HLA variants generally have high odds ratios), these remain the minority, and most other associations are of modest magnitude. The risk alleles identified in genomic screens are relatively common in the general population, have only a modest effect on risk, and together explain only a small part of the variance in disease risk. Whereas the actual causal variants for most risk loci identified to date remain to be determined, some themes have emerged: most variants are located in intronic or intergenic regions, many risk loci and variants are associated with more than one autoimmune disease, and many genes are associated with discrete biological pathways [64] . Finally, it is clear that identifying the numerous risk factors for complex rheumatic diseases in general, and pediatric rheumatic diseases in particular requires international collaboration to investigate large cohorts. The Immunochip study is a great example of a successful multinational collaboration.
Genetics of polyarticular RF-positive JIA
Polyarticular RF-positive JIA, which can considered the childhood onset of seropositive adult rheumatoid arthritis, represents about 10% of all cases of JIA. Patients are typically diagnosed in late childhood/adolescence. As with adult RA, patients have a chronic symmetric, erosive polyarticular arthritis. To have polyarticular RF-positive disease, the ILAR classification requires the involvement of 5 or more joints [16] . Also, by definition, patients with polyarticular RF + positive JIA must have two positive tests for IgM rheumatoid factor (RF). Although anti-cyclic-citrullinated peptide (anti-CCP) antibody status is not part of the ILAR criteria, children with childhood-onset RA also commonly have anti-CCP antibodies. In order to improve the sensitivity of diagnosing childhood-onset RA, we have proposed prioritization of RF/anti-CCP positivity over specific exclusions (e.g. number of joints involved), along with inclusion of anti-CCP, in future revisions of the JIA classification criteria [65] . Thus, some of the following genetic associations described might include all children with RF/CCP positive JIA, albeit a substantial majority of them would fall under the polyarticular RF-positive JIA category defined by the ILAR criteria.
HLA associations with polyarticular RF-positive JIA
An association between seropositive rheumatoid arthritis (RA) in adults and certain HLA-DR molecules has been known for a long time. In 1987 the Shared epitope (SE) hypothesis was proposed by Gregersen et al, based on the observation that different RA associated HLA-DR molecules shared some common amino acid motifs [66] . There have been seven studies of polyarticular RF-positive JIA and HLA [67] [68] [69] [70] [71] [72] [73] . Earlier studies had small number of subjects , and used lower resolution HLA-DR typing. Cases with polyarticular RF-positive JIA had a significantly higher frequency of SE compared to controls. In an investigation of 149 Non-Hispanic White children with polyarticular RF-positive JIA, 76% carried 1 or 2 SE alleles compared with 46% of 373 controls (OR = 3.81, 95% CI: 2.4-6.0; p < 1 × 10 −7 ) [73] . Also notable was that a significantly greater proportion of cases carried 2 copies of the SE allele compared to controls (33% vs 5.4%, OR = 8.6 (4.7-15.8); p < 1 × 10 −7 ). When individual SE encoding HLA DRB1 alleles were examined, HLA DRB1:01:01, 04:01, 04:04, 04:05, 04:08, and 10:01 were confirmed to be associated with polyarticuar RFpositive JIA (Fig. 4) . Significantly more patients than controls were heterozygous for HLA DRB1 04:01/04:04 compared to controls (10 of 149 patients vs 1 of 373 controls; OR 28.8). These firmly establish the role for SE encoding HLA DRB1 alleles in conferring a risk of susceptibility to polyarticular RF-positive JIA.
In addition, this study evaluated if there was a hierarchy of the SE alleles in polyarticular RF-positive JIA by classifying alleles into high risk (S2: KRAA at positions 71-74 of the DRβ1 chain e.g., 04:01 and 13:03), intermediate risk (S3:Q/R-RRAA at positions 70-74; e.g., 01:01, 01:02, 04:04, 04:05, 04:08, 10:01, 14:02, 14:06), or low risk (L; the other DRB1 alleles) as proposed by Du Montcel et al. [74] Genotype specific risk estimates with L/L as the reference group suggested a hierarchy of risk. For subjects with a single copy of S2 (S2/L genotype) or S3 (S3/L genotype) the OR was 2.2 and 2.6 compared to L/L respectively. For those with two copies of S2 (S2/S2) or S3 (S3/S3), the OR was 7.7 and 7.2 respectively. However, for those with a copy of S2 and S3 (S2/S3 genotype) the OR was substantially higher at 22.3. This suggests that individuals with DRβ1 chains containing both the KRAA and Q/R-RRAA sequences are especially prone to polyarticular RF-positive JIA.
While most genetic studies of JIA are confined to Non-Hispanic White cohorts, small cohorts of Hispanic subjects (n = 25), and African American cases (n = 21) with polyarticular RF-positive JIA have been investigated for association with SE encoding HLA DRB1 alleles. For African American cases, the OR was 1.84 (0.84-3.82; p < 0.08) and for Hispanic cases the OR was 2.88 (1.59-5.21, p < 0.0001) compared to appropriate controls from the National Marrow Donor Program Registry. Together these studies confirm that the variants in the HLA DRB1 gene play a major role in shaping RF-positive disease in childhood similar to that seen in adults with RA. Recently Raychaudhuri et al have shown that the association between seropositive RA and MHC can be explained by just five amino acid positions in three HLA proteins [75] . Similar studies of children with polyarticular RFpositive JIA, and comparisons with adult RA would be of great interest.
Non-HLA associations with polyarticular RF-positive JIA
Unlike oligoarticular JIA and polyarticular RF negative JIA, there have only been limited investigations of non-HLA risk loci for association with polyarticular RF-positive JIA. In a study of 155 children with polyarticular RF-positive JIA and 684 healthy autoimmunity free controls, subjects were genotyped for 5 variants in the PTPN22, TRAF1/C5, STAT4 and TNFAIP3 loci, all of which have been associated with RA [76] . Polyarticular RF-positive JIA was associated with TNFAIP3 rs10499194 (OR: 0.60 (0.44-0.83)), PTPN22 rs 2476601 (1.61 (1.11-2.31)), and STAT4 rs7574865 (OR 1.41 (1.06-1.87)) variants. It was notable that the association between TNFAIP3 rs10499194 and polyarticular RF-positive JIA in this study [76] was more pronounced than with adult RA, as the confidence intervals of the odds ratios did not overlap with those of a meta-analysis of RA [77] . Using the largest cohort of patients with polyarticular RF-positive JIA, this study demonstrated that TNFAIP3, STAT4 and PTPN22 variants were associated with RF-positive JIA in a similar magnitude and direction as had been observed in adult RA. The association between RF-positive polyarticular JIA and PTPN22 C1858T variant has been confirmed in a meta-analysis as well [35] .
In addition to studies of association between individual HLA and non-HLA variants with polyarticular RF-positive JIA, there has been an investigation of a cumulative weighted genetic risk score (wGRS) with polyarticular RF-positive JIA. Using HLA-DRB1 and PTPN22, TRAF1/C5, STAT4 and TNFAIP3 genotypes in 149 cases with polyarticular RF-positive JIA and 373 healthy controls, a wGRS was computed for each subject [76] . Weights were based on natural log of the published OR for each allele investigated. The wGRS was significantly different between cases and controls (3.32 (2.47-4.45) ; p < 2 × 10 −16 ). Even after excluding the HLA there was a significant difference (2.18 (1.39-342); p < 9.7 × 10 −4 ). Examination of the wGRS quintiles suggested a pattern of increasing disease risk with each wGRS quintile. Logistic regression confirmed that individuals in the third to the fifth quintiles of the wGRS had three to twelve fold increase in the odds of disease compared to the baseline. The mean age of onset did not differ between individuals in the top and bottom quintiles of the wGRS, similar to a study in adults with RA [78] . However, there was a significantly greater proportion of males with polyarticular RF-positive JIA in the upper quintiles compared to lower quintiles of wGRS. There was also an interaction between wGRS and sex such that the wGRS had a greater effect size in males, suggesting that higher wGRS appear to increase the risk of polyarticular RF-positive JIA especially among males who generally have a lower risk.
Summary of genetic associations with polyarticular RF-positive JIA
Polyarticular RF-positive JIA in childhood is strongly associated with HLA variants similar to other JIA categories as well as adult RA. It is notable that the HLA alleles encoding the SE are associated with Polyarticular RF-positive JIA in similar magnitudes and direction as adult RA. There also does not appear to be a difference in the proportion of children who carry two copies of SE in general, the frequency of heterozygosity for S2/S3P alleles was higher in a cohort of patients with childhood onset RA compared to adults with RA [73] . The non-HLA associations appear to be similar between RA and polyarticular RF-positive JIA as well. Analysis focusing on rare variants with large effects or higher cumulative load of genetic risk factors might be influencing the onset of RF/CCP positive inflammatory arthritis in childhood.
Genetics of systemic onset JIA
In North America and Europe, systemic onset JIA accounts for about 10% of all cases of JIA. It affects males and females equally, which is a distinguishing feature from other forms of JIA (except ERA) which have a female predominance. Systemic onset JIA occurs throughout the pediatric age spectrum from toddlerhood to adolescence. This is in contrast to oligoarticular JIA and RF-negative polyarticular JIA which tend to have its onset in early childhood (<10 years of age). Perhaps the most striking features which distinguish systemic onset JIA from other categories of JIA is the presence of systemic symptoms at disease onset with spiking fevers and a characteristic rash; hepatosplenomegaly, lymphadenopathy and serositis are also common manifestations. Patients with systemic onset JIA have elevated inflammatory markers including ESR, CRP and ferritin. Macrophage activation syndrome is a well described complication of systemic JIA but is infrequently seen with other forms of JIA. Newer treatments include biologics which block the active cytokines in systemic onset JIA including interleukin 1 (IL-1) and interleukin 6 (IL-6). These distinguishing clinical features have led some to argue that systemic onset JIA should be considered an autoinflammatory syndrome as opposed to a subcategory of JIA, wherein most categories appear to be autoimmune disorders [79] .
HLA associations with systemic onset JIA
Associations with MHC Class II have been described for systemic onset JIA. These include HLA DRB1:04:05 and DQB1:04:01 [80] . In a Mexican population HLA-DRB1:01 and HLA-DRB1:04 were strongly associated with JIA [81] . A major limitation of studying the genetics of the systemic JIA has hitherto been the rarity of this condition. However the International Childhood Arthritis Genetics Consortium (INCHARGE) performed a genome wide meta-analysis if systemic JIA, obtained from 988 children with systemic JIA and 514 healthy control subjects as well as 7370 additional healthy controls. Since the cohort had been derived from many international sites, the dataset was analyzed after dividing the cohort into 9 strata by country of origin [82] . Meta-analysis of the MHC locus identified two strong association signals. The first was around HLA DRB1 (OR 1.5, p < 1.6 × 10 −10 ). The second signal of association was located between BTNL2 and HLA-DRA (OR 2.2; p < 7.1 × 10 −15 , OR 2.2). Univariate regression analysis suggested that these two markers likely represented independent sources of risk to systemic JIA. This meta-analysis of systemic JIA also identified a novel genomic region on chromosome 1 as a systemic JIA susceptibility locus adjacent to LOC284661, which encodes a long, intergenic noncoding RNA. Data from this large multinational genome wide meta-analysis strongly implicates the class II MHC molecule HLA DR in the pathogenesis of systemic JIA.
Non-HLA associations with systemic onset JIA
Several studies have identified potential genetic risk factors for the development of systemic onset JIA. The first study suggesting a genetic association for systemic onset JIA was a 1998 study from the United Kingdom (UK) which examined polymorphisms in the 5′ flanking region of the IL6 gene among 92 children with systemic JIA; a G/C polymorphism was identified at position -174 [83] . The authors found a lower frequency of the CC (vs GG or GC) in patients with systemic onset JIA compared to controls. In in vitro studies, cells transfected with the CC construct demonstrated lower expression of IL-1 when stimulated with LPS. Among 102 healthy controls, CG homozygotes had fasting plasma levels of IL-6 twice as high as those homozygous for the C allele. The authors concluded that the CC genotype may have a protective effect for systemic onset JIA.
In 1999 a Japanese group examined polymorphisms in the 5′ flanking region of the TNFA gene in 111 JIA patients, including 50 subjects with systemic onset JIA, and found a significantly higher frequency of the compared -1031C, -863A and -857T alleles in subjects with systemic JIA to controls [80] . Subjects with both TNFA-857T allele and the DRB1:04:05 allele had an increased OR of 3.84 for systemic JIA. In 2005 a Spanish group reported on the association between the TNFA -308 allele and systemic onset JIA [84] . In 2001 Donn et al identified a 5′ flanking region polymorphism of the MIF gene which encodes the macrophage migration inhibitory factor in patients with systemic onset JIA vs controls (MIF-173*C) [85] . The presence of the MIF-173*C allele introduced an AP-4 transcription factor binding site which was thought to alter MIF expression. The presence of the MIF-173*C allele has also been associated with worse outcome in systemic onset JIA A 2006 study from the UK identified increased prevalence of a polymorphism in the interleukin-10 (IL10) gene family among patients with systemic onset JIA [87] . The allele was associated with low expression of IL-10; IL-10 has been shown to suppress the release of pro-inflammatory cytokines such as IL-6 and tumor necrosis factor (TNF) alpha. Variants in the IL1 gene family have also been associated with systemic onset JIA [88] . Using a tagged SNP approach the investigators identified three IL-1 ligand cluster SNPs (r6712572, rs2071374 and rs1688075) and one Il-1 receptor cluster SNP (rs12712122) that were seen more frequently in systemic onset JIA patients vs controls in a case-control association analysis. More recently Wakil et al described the association of a mutation in the LACC1 gene in a familial form of systemic onset JIA affecting 5 Saudi Arabian families [89] . LACC1 encodes the enzyme laccase domain-containing 1 and has previously been identified as a risk variant for leprosy and Crohn's disease [90] .
Since it has been suggested that systemic onset JIA should be considered an autoinflammatory condition, it is not surprising that genetic variants associated with inherited forms of auto-inflammatory syndromes have been associated with systemic JIA [91, 92] . These include SNPs in the interleukin 1 ligand cluster, TNFRSF1A and MVK genes.
Summary of genetic associations with systemic onset JIA
Systemic onset JIA is a distinct category of juvenile arthritis, felt by some to be an autoinflammatory (vs an autoimmune) condition. The genetics of systemic onset JIA is distinct from other subtypes of JIA, and there does appear to be some overlap between genetic susceptibility to systemic onset JIA and other traditional auto-inflammatory syndromes. Improved understanding of the genetics of systemic onset JIA may help clarify these relationships further. However, emerging information suggests that the class II MHC molecule HLA DR might play a role in susceptibility to systemic JIA as well. Non HLA associations demonstrating the involvement of genes encoding several pro-inflammatory cytokines suggest therapeutic targets for systemic JIA many of which are already in clinical use.
Genetics of enthesitis-related arthritis (ERA)
As defined by the ILAR classification, ERA (previously termed juvenile ankylosing spondylitis or seronegative arthritis and enthesitis (SEA) syndrome) is diagnosed in a child with arthritis AND enthesitis or in a child with arthritis OR enthesitis as well as two of the following: sacroiliac joint tenderness and/or inflammatory back pain, HLAB27 positive, family history of one first or second degree relative with HLAB27 associated disease, acute anterior uveitis or onset of arthritis in a boy after 6 years of age [16] . There are very few reports of investigations focused on the genetics of ERA in contrast to the efforts towards unraveling the genetics of ankylosing spondylitis in adults.
the prevalence of HLA B27 was 72% among children with ERA category of JIA, but was found in 5-21% of children with other JIA categories, which likely reflects the higher prevalence of HLA B27 in Scandinavian populations [94] . HLA B27 positive boys tended to have an older age of onset and had clinical signs of sacroiliitis. HLA B27 was negatively associated with long term remission status, although this could reflect the association with features such as sacroiliitis. Patients with ERA who are HLA B27 positive are more likely to have a chronic course with the eventual development of axial disease. In a study of Latvian patients with ERA the most common HLA B27 allele identified was HLAB:27:05 [95] . Although the association between ERA and HLA B27 is the best characterized, there has been an investigation of associations between class II HLA alleles and ERA in a small cohort of 34 children [72] . ERA was found to be associated with HLA DRB1:01 (OR 3.6), DQA1:01:01 (OR 2.8), and DQB1:05 (OR 3.5), and a haplotype carrying these alleles (OR 4.9, 95% CI, 2 to 12.1). This study also found that DRB1:07 was protective against ERA (OR 0.3), as was DPB1:02:01 (OR 0.1). In another study of 45 Norwegian children with ERA, presence of HLA DRB1:01 was a predictor of failure to achieve disease remission [96] . This study also found that HLA DPB1:02 was protective, similar to findings reported by Thomson et al. [72] .
Non-HLA associations with enthesitis-related arthritis
Several non-HLA polymorphisms have been associated with ERA. Endoplasmic reticulum aminopeptidase 1 (ERAP1) is a susceptibility locus previously associated with ankylosing spondylitis, a related condition to ERA which is diagnosed primarily in adults. In 2011 Hinks and colleagues genotyped SNPs in the ERAP1 gene in 1054 JIA cases (including 74 cases with ERA) and 5200 controls and found a strong association between the ERAP1 gene and the ERA category of JIA [97] .
In a 2010 study, Hinks and colleagues investigated type I DM and celiac disease susceptibility loci and their association with JIA [52] . They identified a polymorphism in the IL12A gene which was associated with ERA, but not with other subtypes of JIA. A subsequent study identified a micro RNA polymorphism (miR-146a rs2910164) which was significantly associated with ERA [98] . The same authors investigated polymorphisms in the IL1 gene cluster and toll like receptors 2 and 4 genes but did not find an association with ERA [99, 100] . At least two studies have identified a high frequency of MEFV gene mutations among Mediterranean patients with ERA but without the classical symptoms of Familial Mediterranean Fever which is associated with homozygous mutations in MEFV [101, 102] .
While AS in adults has been associated with IL23R variants, which have also been implicated in inflammatory bowel disease and psoriasis [93] , ERA was not associated with IL23R in the study by Hinks et al., although the small size of the ERA cohort (n = 63) might have resulted in the study being underpowered [97] .
The impact of HLA and non-HLA polymorphisms on the risk of ERA is not well known and may deserve further study. There are only limited studies of the genetics of ERA, and similar to efforts in other JIA categories with limited prevalence, multicenter studies of genetics of ERA are needed.
Psoriatic JIA
The ILAR criteria define psoriatic JIA as the presence of both arthritis and psoriasis, or the presence of arthritis, with at least two of the following criteria: family history of psoriasis in a first degree relative, dactylitis, and nail pitting or onycholysis [16] . It has been proposed that psoriatic JIA might actually comprise two distinct subgroups, an older onset phenotype with male predominance, enthesitis and axial involvement, and an early-onset subphenotype resembling early onset oligoarticular and polyarticular JIA, including female predominance and ANA positivity [103] . Psoriatic JIA is among the least investigated categories of JIA in genetic association studies. The following studies summarize the published literature.
HLA associations with psoriatic JIA
A small cohort of 28 children with juvenile psoriatic arthritis, which can be considered to be equivalent to psoriatic JIA, was described by Hamilton et al in 1990 [104] . HLA genetic associations, uncorrected for multiple comparisons, suggested an increase in HLA A2 in patients (71% of patients compared to 45% among 276 controls) and HLA B27 (32% among cases vs. 8% among controls). The prevalence of HLA B27 was 11% among children with psoriatic JIA. In a subsequent study of 70 children with, only HLA B27 was found to statistically significantly elevated among cases with psoriatic JIA (20% vs 6% among 310 controls) [105] . Other associations, including with HLA A2, were not statistically significant.
In their investigation of associations between class II HLA genes and different ILAR categories of JIA, Thomson et al included 37 cases with psoriatic JIA [72] . An association was found between psoriatic JIA and DRB1:01 (OR 2.7), DQA1:01:01 (OR 4.2) and DQB1:05 (OR 4.4). All three HLA variants were also associated with ERA. DRB1:01 was protective against psoriatic JIA (OR 0.3), as was DQA1:03 (OR 0.3), and DQB1:03 (OR 0.5).
Non-HLA associations with psoriatic JIA
Since psoriatic JIA is also considered to be an auto-inflammatory phenotype, variants predisposing to other hereditary periodic fever syndromes have been investigated for an association in cohorts of children with psoriatic JIA. In a study of 950 children with JIA and 728 healthy controls, Day et al investigate 41 SNPs across NLRP3, NOD2, MEFV and PSTPIP1 loci [106] . After correction for multiple testing, two genotype associations remained significant in the group of patients with psoriatic JIA category, including MEFV SNP rs 224204 (p 0.25) and NLRP3 SNP rs3806265 (p = 0.04). These have not been reported in adult GWAS and have not been replicated in other pediatric cohorts. Hinks et al investigated an association between a SNP in IL23R and JIA in 1244 cases of JIA and 5200 healthy controls. In this cohort there were 93 subjects with psoriatic JIA. An association was found between IL23R SNP (rs11209026) and psoriatic JIA (OR 0.4 95% CI 0.16-0.98, p = 0.04) [97] .
Summary of genetic associations with psoriatic JIA
The heterogeneity of psoriatic JIA, the relative rarity of this condition and lack of wellpowered studies limit our ability to understand this subphenotype of JIA. However, both HLA and non-HLA associations have been reported with this phenotype. In contrast, the genetics of psoriasis in adults have been successful in identifying IL-23 and NF-kB pathways as being associated with the pathogenesis of psoriasis [107] . Multinational collaborations of psoriatic JIA to replicate these findings, and to query if there are specific pediatric associations are needed.
Conclusions
Juvenile idiopathic arthritis is a complex heterogeneous entity with multiple disease phenotypes included under that broad umbrella of "JIA". While earlier studies often grouped all children with JIA in genetic studies, more recent studies have focused on the differences in categories and have reported data based on JIA categories, allowing us to understand the differences in genetic association between various categories. For oligoarticular and RFnegative polyarticular JIA, there are numerous associations with genome wide levels of significance. For most categories of JIA, there are only limited number of studies which have largely not been confirmed in independent cohorts. Given the clinical heterogeneity, it is not surprising that genetic susceptibility and associated polymorphisms also vary according to the JIA category. As the number of the known associated variants grows it will become essential to determine the magnitude of the contribution of each variant singly and in combination, to the development of the different JIA categories. Furthermore, the identification of variants would improve the understanding of the pathogenesis of different JIA categories, as well as allow us to develop better diagnostic and therapeutic options. Genetic studies can play a major role in refining future JIA classification criteria, by allowing us to incorporate genomic information in addition to clinical and family history variables that currently play a major role in classification of JIA. Finally, in the era of personalized medicine, it is essential to understand the contribution of genetics to treatment response and outcome. In order to accomplish this, it is likely that multinational collaborative studies will be needed to assess genetic risk between the distinct JIA phenotypes and among various ethnic groups. Table 1 Genome-wide significant associations in oligoarticular and RF-negative polyarticular JIA. 
